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I.  INTRODUCTION 


During  the  last  few  years  the  technology  in  the  near-millimeter  and  sub¬ 
millimeter  regions  of  the  spectrum  has  been  developing  rapidly  so  that 
significant  applications  have  been  realized.  For  example,  tunable  high- 
resolution  spectroscopy  using  lasers,  radic  astronomical  observations,  plasma 
diagnostics  and  submillimeter  radar  modeling  are  being  actively  pursued. 
Important  projects  can  now  be  realistically  planned  for  high-altitude  aircraft 
and  satellite-based  aeronomy,  astronomy,  and  perhaps  surveillance.  Desirable 
components  that  are  yet  to  be  perfected  are  imaging  array  detectors  and  solid 
state  sources;  the  two  may  well  be  related  because  any  solid  state  oscillators 
in  the  submillimeter  are  likely  to  be  weak  and  will  require  an  array  operating 
as  a  combiner/radiator. 

The  availability  and  refinement  of  molecular  beam  epitaxy  (MBE)  has  had  a 
profound  influence  on  electronic  device  fabrication  technology.  Virtually  every 
semiconductor  device  Is  being  Improved  through  this  technique,  and  equally 
important,  a  variety  of  new  structures,  physical  phenomena  and  devices  can  now 
be  conceived  and  Investigated. 

At  Lincoln  Laboratory  we  have  placed  our  primary  effort  in  the  recent  ARO 
program  on  the  fabrication  of  GaAs/GaAlAs  heterostructures  In  order  to  study  the 
physics  of  tunneling  phenomena  In  such  structures,  to  explore  the  negative 
differential  resistivity,  and  to  develop  detectors,  mixers  and  oscillators  at 
high  frequencies.  The  results  so  far  have  been  exceedingly  encouraging,  so  that 
we  are  planning  to  Improve  the  present  devices  as  well  as  propose  the 
Investigation  of  a  variety  of  new  phenomena  Involving  electron  oscillations  in 
coupled  quantum  wells,  multiple-well  effects,  and  tunneling  devices  In  the  form 
of  transistors,  detectors  and  lasers. 


II.  RESULTS 


Progress  during  the  contract  period  has  been  reported  in  the  semiannual 
progress  reports  to  ARO.  Below  are  listed  significant  highlights,  details  of 
which  appear  in  the  reprints  and  preprints  that  are  appended  to  this  proposal, 
plus  the  most  recent  progress.  In  most  cases  the  work  received  additional 
support  from  other  sponsors. 

1.  Resonant  Tunneling  Through  Quantum  Wells  -  Resonant  tunneling  has  been 
observed  through  a  single  quantum  well  of  GaAs  grown  by  MBE  between  two 
barriers  of  GaAlAs  (double  barrier  structure).  The  current  singularity 
and  negative  resistance  region  are  dramatically  improved  over  previous 
results.  Detection  and  mixing  experiments  carried  out  at  frequencies  as 
high  as  2.5  THz  show  the  intrinsic  response  time  to  be  less  than 

10"  13  sec.  Resonant  tunneling  features  are  visible  in  the  conductance- 
voltage  curve  at  room  temperature  and  become  quite  pronounced  in  the  I-V 
curves  at  low  temperature.  (See  Appendix  I  for  details.) 

2.  Quantum  Well  Oscillations  -  Oscillations  have  been  observed  for  the  first 
time  from  a  quantum  well  resonant  tunneling  structure.  For  pure  material 
in  the  wells,  the  current  density  is  high  enough  to  provide  sufficient 
gain  and  adequate  impedance  match  to  the  resonant  circuit  so  that  the 
devices  oscillate  readily  in  the  negative  resistance  region.  Oscillator 
output  power  of  5  u W  and  frequencies  up  to  18  GHz  have  been  obtained 
with  a  DC  to  RF  efficiency  of  2.A%  at  temperatures  as  high  as  200  K. 

(See  Appendix  II  for  details.)  Very  recently,  oscillations  have  been 
obtained  at  room  temperature  at  19.7  GHz,  but  the  results  have  not  yet 
been  prepared  for  publication. 


conductive  effects  with  characteristic  time  constants  between  nanoseconds 


and  minutes  have  been  observed  in  double-barrier  tunneling  structures. 

In  the  persistent  (long  time  constant)  photoconductivity  experiments,  as 
the  number  of  photons  increases,  the  resonant  current  peak  in  the  I-V 
curves  increases  and  shifts  to  lower  voltages.  This  is  explained  by 
modifications  to  the  conduction  band  of  the  double-barrier  structure  due 
to  positive  charges  in  the  barrier.  These  positive  charges  arise  from 
ionization  of  DX  centers  which  are  known  to  exist  in  Si -doped  AlGaAs. 
Calculated  I-V  curves  agree  with  measured  ones,  and  the  derived  DX  center 
density  agrees  with  estimates  from  material  growth  parameters.  (This 
subject  matter  is  being  prepared  for  publication.)  The  high-speed 
photoconducti ve  mixing  effects  were  observed  by  means  of  laser  mode 
beating.  They  are  under  further  investigation  to  establish  the  limiting 
process,  whose  time  constant  is  likely  to  be  of  the  order  of  100  fs. 
Tunneling  current  calculations  have  been  refined  to  include  the  effects 
of  charge  accumulation  and  depletion  at  the  barrier  interfaces,  leading 
to  a  better  fit  to  the  experimental  I-V  curves.  Controlling  the 
depletion  region  outside  the  barrier  by  suitable  doping  can  decrease  the 
capacitance  and  thereby  raise  the  cut-off  frequency  of  tunneling  devices 
toward  their  intrinsic  limit. 

Heterodyne  Experiments  from  Millimeter  Wave  to  Optical  Frequencies  Using 
GaAs  MESFETs  above  fj  -  Response  of  GaAs  FETs  in  millimeter-wave  and 
optical  heterodyne  experiments  has  been  obtained  at  frequencies  above  the 
frequency  of  unity  current  gain,  fj.  In  the  mixing  of  two  visible 
lasers,  beat  frequencies  as  high  as  300  GHz  have  been  observed.  These 


high  IFs  were  down -converted  to  microwave  frequencies  by  radiatively 
coupling  mi  1 1i meter-wave  local  oscillators  into  the  gate  region.  The 
results  indicate  that  GaAs  FETs  can  be  used  as  sensitive  and  versatile 
detectors  and  mixers  of  millimeter -wave  and  optical  radiation.  As  milli¬ 
meter  mixers,  results  have  been  obtained  up  to  350  GHz.  (See 
Appendix  III  for  further  details.) 

Solid-State  Submi Hi meter  Heterodyne  Radiometer  -  We  have  developed  a 
solid-state  submi 11 imeter -wave  radiometer  which  we  have  used  to  measure 
the  rotational  temperature  of  the  H20  transition  at  557  GHz  (1 10  ♦loi) 
in  a  water  vapor  jet  expanding  into  a  high-vacuum  chamber,  repeating 
earlier  measurements  which  used  a  laser  or  carcinotron  local  oscillator. 
(See,  e.g.,  APPENDIX  IV.)  Key  advances  in  this  radiometer  are  its  high 
sensitivity,  stability,  compactness  and  low  operating  power  requirement. 

A  50  mW  Varian  InP  Gunn  diode  (made  available  by  Dr.  Lothar  Wandinger, 

U.  S.  Army  Electronics  R  &  D  Command)  oscillating  at  92.6  GHz  drove  a 
frequency  tripler  and  doubler  in  cascade.  The  doubler,  operating  in  the 
harmonic  mixer  mode,  served  as  local  oscillator  at  557  GHz  for  the 
heterodyne  radiometer.  The  best  noise  temperature  in  the  experiment  was 
6000  K  (DSB),  while  at  slightly  different  frequencies  we  could  obtain 
less  than  4500  K  (DSB).  The  water  vapor  line  could  be  traced  out  with 
0.5  MHz  resolution  (the  sextupled  jitter  of  the  Gunn)  and  a  S/N 
of  >  20.  A  prominent  self -reversal  feature  due  to  a  warmer  central  core 
of  the  jet  was  observed.  This  demonstration  experiment  shows  that  a 
compact  10  with  low  input  power  requirements  could  be  developed  for  a 
satellite-based  radiometer.  NASA  is  proceeding  with  this  concept  for 


submillimeter  astronomy,  and  other  space-based  applications  can  be 
envisioned.  A  short  publication  is  under  preparation.  (This  project  was 
carried  out  in  collaboration  with  N.  Erickson,  Five  College  Radio 
Astrononiy  Observatory,  U.  Mass.,  Amherst.) 

Low-IF  Submillimeter  Heterodyne  Receiver  -  We  have  demonstrated  the 
feasibility  of  heterodyne  detection  at  low  (-1  MHz)  IF  frequencies. 
Heterodyning  is  obtained  in  a  corner  cube  mixer  by  using  one  far-IR  laser 
as  signal  source  and  a  second  one,  operating  on  the  same  laser  line,  as 
the  LO.  A  crucial  feature  is  a  frequency  tracking  chain  which  ensures 
that  the  beat  frequency  between  the  two  laser  outputs,  after  a  second 
conversion,  remains  stable  to  less  than  50  kHz.  The  tracking  system 
consists  of  a  computer -coup led  IF  frequency  counter  and  a  frequency 
synthesizer  that  generates  a  correction  frequency  which  is  fed  to  a 
second  mixer.  The  receiver  will  be  used  for  electromagnetic  scattering 
measurements  in  the  far  IR  spectral  region  for  an  Army  project. 

Submillimeter  Radiometer  Field  Measurements  -  As  a  result  of  earlier 
support  by  ARO,  which  led  to  the  development  of  low-noise  Schottky  diode 
mixers  in  the  submillimeter,  we  have  collaborated  with  other  groups  in 
the  application  of  sensitive  radiometers  to  astronomical  problems. 

During  a  third  expedition  to  the  Mauna  Kea  Observatory  in  Hawaii,  the 
distribution  of  the  J  =  6  +  5  transition  of  CO  in  Orion  was  measured  for 
the  first  time,  and  several  first  detections  were  made  of  the  same  trans¬ 
ition  in  other  galactic  sources.  (See  APPENDIX  V  for  details.)  The 
general  techniques  of  carrying  out  submillimeter  radio  astronomical 
measurements  are  described  in  APPENDIX  VI. 


.  APPENDIX  I 


Resonant  tunneling  through  quantum  wells  at  frequencies  up  to  2.5  THz 

T.  C.  L.  G.  Sollner,  W.  D.  Goodhue,  P.  E.  Tannenwald.  C.  D.  Parker,  and  D.  D.  Peck 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology,  Lexington,  Massachusetts  021 73 
(Received  9  May  19S3;  accepted  for  publication  1  July  1983) 

Resonant  tunneling  through  a  single  quantum  well  of  GaAs  has  been  observed.  The  current 
singularity  and  negative  resistance  region  are  dramatically  improved  over  previous  results,  and 
detecting  and  mixing  have  been  carried  out  at  frequencies  as  high  as  2.5  THz.  Resonant  tunneling 
features  are  visible  in  the  conductance-voltage  curve  at  room  temperature  and  become  quite 
pronounced  in  the  I-  V curves  at  low  temperature.  The  high-frequency  results,  measured  with  far 
IR  lasers,  prove  that  the  charge  transport  is  faster  than  about  10~ 13  s.  It  may  now  be  possible  to 
construct  practical  nonlinear  devices  using  quantum  wells  at  millimeter  and  submillimeter 
wavelengths. 

PACS  numbers:  73.40.Gk,  73.40.Lq 


Quantum  wells  are  the  subject  of  considerable  theoreti¬ 
cal  and  experimental  study.  They  consist  of  thin  (  <  100  A) 
layers  of  material,  usually  a  semiconductor  confined 
between  two  layers  of  a  different  material  with  a  larger  band 
gap.  In  this  way  carriers  are  confined  to  the  lower  band-gap 
material.  The  most  studied  system  uses  molecular  beam  epi¬ 
taxy  (MBE)  to  fabricate  GaAs  wells  adjacent  to 
Ga,  _  *  Al*  As  barriers.  The  properties  of  the  wells  are  usual¬ 
ly  studied  optically  or  characterized  by  their  transport  be¬ 
havior.  If  the  barriers  are  sufficiently  thin,  then  carriers  can 
tunnel  through  them,  and  it  becomes  possible  to  probe  the 
quantum  wells  with  carriers.  We  have  studied  resonant  tun¬ 
neling  through  a  single  quantum  well  of  such  a  system. 

In  this  letter  we  report  the  first  observation  of  resonant 
tunneling  at  room  temperature  and  a  broad  region  of  nega¬ 
tive  resistance  which  is  already  observable  at  200  K.  At  25  K 
we  have  observed  the  largest  peak  to  valley  ratio  yet  reported 
(6:1).  By  comparing  high-frequency  current  response  mea¬ 
surements  with  the  observed  dc  characteristics  we  have  es¬ 
tablished  that  response  times  are  less  than  10“ 13  s  and  are 
thus  consistent  with  tunneling.  In  addition,  we  have  carried 
out  mixing  experiments  in  these  devices  at  various  milli¬ 
meter  and  submillimeter  wavelengths  down  to  1 19  fsm. 

Tsu  and  Esaki1  have  shown  that  a  large  peak  in  the 
tunneling  current  should  occur  when  the  injected  carriers 
have  certain  resonant  energies.  Figure  1  shows  schematical¬ 
ly  he  resonance  occurs  with  applied  dc  bias.  The  electrons 
originate  near  the  Fermi  level  to  the  left  of  the  first  barrier  of 
height  AE,  tunnel  into  the  well,  and  finally  tunnel  through 
the  second  barrier  into  unoccupied  states.  Resonance  occurs 
when  the  electron  wave  function  reflected  at  the  first  barrier 
is  cancelled  by  the  wave  which  leaks  from  the  well  in  the 
same  direction  or,  equivalently,  when  the  energy  of  the  in¬ 
jected  carrier  becomes  approximately  equal  to  the  energy 
level  of  the  electrons  confined  in  the  well. 

Previous  measurements  of  heterojunction  quantum 
well  structures  have  shown  evidence  of  resonant  tunneling. 
At  low  temperatures  Chang  et  al.2  have  observed  structure 
in  the  conductance  [dl  /dV)  voltage  curve,  and  occasionally 
negative  resistance  for  a  single  quantum  well  in  the 
Ga,  _ *  Al*  As  system  grown  by  MBE.  Vojak  etal.3  have  also 
observed  negative  resistance  at  77  K  in  multilayer 
Al*Ga,  _*As  heterostructures  grown  by  metalorganic 


chemical  vapor  deposition  using  a  p-n  junction  for  charge 
injection.  These  previous  measurements,  however,  have 
shown  only  small  regions  of  negative  resistance,  if  any,  and 
near  unity  peak  to  valley  ratios.  No  resonant  tunneling  fea¬ 
tures  were  observed  at  room  temperature.  Also  no  measure¬ 
ments  of  response  time  were  reported. 

The  structure,  shown  schematically  in  Fig.  1,  was  pre- 
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FIG.  I .  Electron  energy  as  a  function  of  position  in  the  quantum  well  struc¬ 
ture.  The  parameters  are  ;V01  =  .VD ,  =  10'"  cm  " '.  .V0,  =  10' 7  cm  “ and 
W ,  =  tV:  =  W,  =  50  A.  The  doping  level  in  the  well  center  is  an  average 
value  achieved  by  placing  a  layer  of  10'"  cm  ' 1  material  in  the  central  10% 
of  the  well.  The  energy  level  £,  occurs  above  the  bottom  of  the  bulk  conduc¬ 
tion  band  because  of  confinement  in  the  x  direction.  From  the  aluminum 
concentration  U  =  25%-30%!  we  estimate  J E  =  0  23  eV. 


588 


Appl.  Ptiys.  Lett.  43  (6).  1 5  September  1 983  0003-6951  /83/ 1 80588-03S01 .00 


©  1983  American  Institute  of  Physics 


588 


pared  by  molecular  beam  epitaxy  on  an  n-type  wafer  of 
GaAs.  The  net  donor  concentration  (Si)  in  the  GaAs  outside 
the  barriers  is  10‘8  cm  -  \  and  the  GaAs  well  was  doped  to  an 
average  concentration  of  10 17  cm  ~ 3  by  placing  a  layer  of  1018 
cm  ~}  material  in  the  central  10 %  of  the  well.  The  resulting 
band  bending  within  the  well  is  negligible  compared  to  kT. 
The  top  layer  of  GaAs  is  about  5000  A  thick.  The  barriers  of 
Ga<j  7,  Alo  23  As  were  not  intentionally  doped  and  are  pre¬ 
sumed  to  be  semi-insulating  owing  to  defect  compensation. 
The  substrate  growth  temperature  was  680  *C  and  the  flux 
ratio  of  As  to  Ga  as  measured  from  an  ion  gauge  placed  at  the 
substrate  growth  position  was  19:1.  The  A1  concentration 
was  measured  by  analysis  of  scanning  transmission  electron 
induced  x  rays  from  the  barriers  and  from  measurements  of 
thicker  films  grown  under  similar  conditions.  Both  methods 
gave  x  =  25%-30%.  The  barrier  and  well  dimensions  of  50 
A  were  determined  by  transmission  electron  microscopy. 

Arrays  of  mesas,  5  jx  m  square,  were  etched  into  the 
completed  wafer  with  Ohmic  contacts  top  and  bottom.  The 
wafers  were  then  diced  into  10-mil  square  chips  and  mount¬ 
ed  in  a  corner  cube  detector  mount  with  a  whisker  contact¬ 
ing  the  mesas.  The  comer  cube  structure  has  been  used  rou¬ 
tinely  in  our  laboratory  for  mounting  Schottky  diodes  to  be 
used  as  detectors  and  mixers  and  is  well  characterized  at 
submillimeter  wavelengths.4 

The  observed  dc  current-voltage  and  conductance-vol¬ 
tage  curves  are  shown  in  Fig.  2  for  several  temperatures. 
Notice  that  even  at  300  K  there  are  features  in  the  conduc¬ 
tance  curve,  and  that  a  broad  region  of  negative  differential 
resistance  exists  at  200  K.  At  temperatures  below  50  K.  the 
transmission  peaks  occur  at  an  average  voltage  of  0.218  V. 
The  peak  to  valley  ratio  is  6:1  on  the  positive  side  and  4.8:1 
for  negative  voltages.  The  asymmetry  may  be  due  to  slightly 
different  barrier  thicknesses,  or  heights,  and  may  also  in¬ 
volve  interface  states  at  the  GaAs-GaAlAs  interface. 

Submillimeter  measurements  were  made  at  1 38  GHz, 
761  GHz,  and  2.5  THz  with  a  carcinotron  and  far  IR  lasers, 
respectively.  We  measured  the  current  response  as  a  func¬ 
tion  of  dc  bias  voltage.  The  calculated  current  responsivity 
j#,  is  given  by 

I 

c vR,C 

This  expression  is  obtained  following  Torrey  and  Whitmer,5 
but  accounting  for  the  mismatch  between  the  antenna  im¬ 
pedance  ZA  of  the  comer  cube  and  the  device  impedance  in 
the  limit  a)R,C>\  and  R,<\dlAe/dV\~\  Here,/’  is  the  sec¬ 
ond  derivative  of  the  dc  /-  V  curve,  C  the  device  capacitance, 
cj  the  angular  frequency,  and  R%  the  series  resistance.  We 
have  used  ZA  =50/2  from  model  measurements  on  the  cor¬ 
ner  cube  at  10  GHz.  This  value  is  uncertain  by  perhaps  a 
factor  of  2  because  of  the  large  scaling  factor.  The  series 
resistance  was  calculated  from  the  sum  of  the  spreading  re¬ 
sistance  (2  /2 ),  resistance  of  the  overgrown  GaAs  (4  /2  ),  and 
skin  resistance  of  the  chip  (5.5  Cl ).  The  capacitance  is  just  the 
barrier  capacitance  of  290  fF  as  calculated  from  the  device 
dimensions. 

At  all  three  frequencies  the  measured  current  response 
agrees  with  the  calculated  value  within  a  few  decibels.  In  Fig. 


rzA 
U  +  zA/ 


Z—( 


3,  expanding  on  an  approach  used  first  by  Small  et  al.,h  we 
show  the  measured  and  calculated  current  response  at  2.5 
THz.  Since  the  general  shape  of  the  two  curves  is  the  same,  it 
follows  that  the  /-  V  curve  at  2.5  THz  must  be  very  similar  to 
the  dc  I-  V  curve.  In  addition,  the  magnitude  of  the  calculat¬ 
ed  current  response  agrees  rather  well  with  the  measured 
curve  considering  the  uncertainties  in  the  parameters  of  Eq. 
( 1 ).  The  somewhat  greater  discrepancy  between  measured 
and  calculated  values  at  large  voltages  may  be  due  to  quan¬ 
tum  effects  of  photon  assisted  tunneling.  The  agreement  is 
sufficient  to  show  that  the  charge  transport  mechanism  is  at 
least  as  fast  as  the  angular  period  of  2.5  THz,  i.e.. 
r=  6x  10-M  s.  Further  verification  has  been  obtained  by 
mixing  two  sources  near  140  GHz  in  the  device,  as  well  by 
the  observation  of  far  infrared  laser  mode  beats  at  434  and 
1 19^m.  These  first  quantum  well  structures  were  not  meant 
to  compete  with  Schottky  diodeS'hs  detectors.  iThe  responsi¬ 
vity  is  smaller  by  over  an  order  of  magnitude.!  But  with  dif- 
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DC  VOLTAGE 

FIG  3.  Currenc  response  at  2.5  THz  as  a  function  of  dc  bias  voltage.  (Sam¬ 
ple  is  at  25  K.)  The  dashed  curve  is  calculated  on  the  basis  of  the  dc  /-  V 
curve.  Zero  decibels  corresponds  to  0.3  /2 A/W  and  10  dB  is  3  /iA/W.  The 
general  agreement  shows  that  the  /-  V curve  at  2.5  THz  is  very  similar  to  the 
dc  curve,  and  thus  the  charge  transport  is  fast. 

ferent  structure  parameters  and  a  reduction  in  capacitance, 
high-frequency  sensitivity  can  probably  be  improved. 

The  time  required  for  electrons  to  transit  both  barriers 
and  the  well  can  be  estimated  by  assuming  that  tunneling 
times  are  approximately  given  by  the  uncertainly  relation, 
r<,h  /A E.  From  our  estimate  of  the  Al  concentration 
(x~25%-30%)  in  the  barriers,  and  optical  measurements  of 
barrier  heights,7  AEzz 0.23  eV.  The  electrons  outside  the 
barrier  region  have  a  Fermi  velocity  of  5  X  107  cm/s,  so  we 
assume  for  simplicity  that  they  move  through  the  well  region 
at  the  saturation  velocity  of  about  107  cm/s.  This  yields  a 
total  transit  time  estimate  of  order  10“ 13  s.  Other  estimates 
of  the  tunneling  times  reduce  the  total  transit  time  estimate 
by  about  a  factor  of  2. 

The  tunneling  current  density  of  these  devices  is  rather 
low  for  practical  applications  in  view  of  the  large  capacitance 
I RC  =  3x  10-l’s).  Chang  et  al. 2  have  shown  that  adecrease 
of  barrier  width  by  a  factor  of  2  results  in  an  increase  in 
current  density  of  two  orders  of  magnitude.  We  will  investi¬ 
gate  the  lower  limits  of  barrier  thickness  in  the  future. 

We  have  fabricated  a  second  MBE  wafer  of  nominally 
identical  configuration  to  that  of  Fig.  1  and  find  very  similar 


results.  The  quantum  well  thickness  and  the  barrier  heights 
seem  to  be  reproducable  within  \0%-20%.  Three  devices 
randomly  chosen  from  the  same  wafer  were  found  to  be  vir¬ 
tually  identical. 

The  existence  of  a  large  negative  resistance  at  very  high 
frequencies  suggests  applying  these  devices  to  millimeter 
and  submillimeter  amplifiers  and  oscillators  by  designing 
appropriate  resonance  circuits  and  matching  the  device  to 
the  resonator.  Since  these  devices  can  be  fabricated  with 
planar  technology,  feedback  and  antenna  elements  could  be 
placed  very  near  the  active  area,  reducing  losses.  Also,  ar¬ 
rays  of  elements  could  be  used  in  distributed  circuits. 

In  conclusion,  fabrication  of  high  quality,  reproducible, 
high  speed  resonant  tunneling  structures  has  been  demon¬ 
strated.  It  now  appears  feasible  to  construct  practical  nonlin¬ 
ear  solid  state  devices  using  quantum  wells  at  millimeter  and 
submillimeter  wavelengths. 

It  is  a  pleasure  to  express  our  appreciation  to  the  many 
people  who  helped  in  the  fabrication  of  these  devices,  in  par¬ 
ticular  A.  R.  Forte,  G.  D.  Johnson,  J.  T.  Kelliher,  J.  J.  Lam¬ 
bert,  I.  H.  Mroczkowski,  and  N.  Usiak.  B.  J.  Clifton  kindly 
supplied  the  comer  cube  mounts.  Also  we  benefited  from 
discussions  with  A.  R.  Calawa,  B.  Lax,  H.  Le,  and  B.  A. 
Vojak.  Assistance  from  A.  J.  Garratt-Reed  of  the  MIT  Cen¬ 
ter  for  Materials  Science  and  Engineering  for  scanning 
transmission  electron  microscope  measurements  is  grateful¬ 
ly  acknowledged.  We  especially  thank  H.  R.  Fetterman  who 
participated  in  the  initiation  of  the  superlattice  program  at 
Lincoln  Laboratory.  This  work  was  sponsored  by  the  U  S. 
Army  Research  Office. 
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Oscillations  have  been  observed  for  the  first  time  from  double  barrier  resonant  tunneling 
structures.  By  eliminating  impurities  from  the  wells,  we  have  been  able  to  increase  the  tunneling 
current  density  by  a  factor  of  nearly  100.  With  the  attendant  increase  in  gain  and  improved 
impedance  match  to  the  resonant  circuit,  the  devices  oscillated  readily  in  the  negative  resistance 
region.  Oscillator  output  power  of  5  /s  W  and  frequencies  up  to  1 8  GHz  have  been  achieved  with  a 
dc  to  rf  efficiency  of  2.4%  at  temperatures  as  high  as  200  K.  It  is  shown  that  higher  frequencies 
and  higher  powers  can  be  expected. 


Negative  differential  resistance  has  been  observed  pre¬ 
viously  in  double  barrier  resonant  tunneling  structures1,2 
(quantum  well  resonators),  recently  with  large  peak-to-val- 
ley  ratios2  (6  to  1)  and  fast  charge  transport2  (r<  10-'3  s). 
The  high  impedance  of  those  earlier  devices  prevented  oscil¬ 
lations,  but  allowed  observation  of  the  negative  differential 
resistance  region  since  they  could  be  stably  biased  by  a  lower 
impedance  voltage  source  at  all  frequencies.  Under  the  cor¬ 
rect  circuit  conditions,  microwave  oscillations  would  be  ex¬ 
pected  from  quantum  well  resonators  because  of  the  higif 
speed  negative  differential  resistance.  For  oscillations  to  be 


observed  it  is  necessary  to  terminate  the  negative  differential 
impedance  with  a  positive  impedance  of  the  same  order. 

In  this  letter  we  report  the  first  observation  of  oscilla¬ 
tions  from  a  quantum  well  resonator.  (The  tunneling  mecha¬ 
nism  involved  here  is  in  contrast  to  the  GaAs/GaAlAs  he¬ 
terojunction  real-space  transfer  oscillator  reported  by 
Coleman  et  ai.}  to  oscillate  at  25  MHz.)  Fabrication  of  much 
higher  current  density  devices  allowed  the  negative  imped¬ 
ance  to  be  more  closely  matched  to  coaxial  component  impe¬ 
dances.  The  maximum  output  power  of  5  fi  W  remained  rela¬ 
tively  constant  up  to  temperatures  of  200  K.  The  maximum 


1319  Appi.  Phys.  Lett.  45  (12),  15  December  1984  0003-8951  /84/241 319-03801 .00  ©  1 984  American  institute  of  Physics  1319 


FIG.  I.  Physical  geometry  of  quantum  well  mesa  in  cross  section.  The  high* 
er  band  gape  of  (he  two  AI^Gao  .,  As  layers  act  as  partially  reflecting  mir¬ 
rors  to  produce  an  electron  Fabry-Perot  eta  Ion  enclosing  the  thin  GaAs 
quantum  well. 


observed  frequency  of  oscillation  was  18  GHz.  This  was  li¬ 
mited  more  by  the  coaxial  circuits  as  described  below  than 
by  the  intrinsic  time  constants  of  the  quantum  well  resona¬ 
tor.  These  results  are  consistent  with  the  more  indirect  ob¬ 
servation  in  Ref.  2  of  rapid  response  times. 

The  mesa-isolated  quantum  well  resonator,  as  fabri¬ 
cated,  is  shown  in  Fig.  1.  A  typical  mesa  diameter  is  3  pm. 
The  layered  structure  is  grown  on  an  n  *  substrate  by  molec¬ 
ular  beam  epitaxy.  A  thin  layer  of  GaAs  is  sandwiched 
between  two  thin  layers  of  Ga^Al^As.  The  addition  of 
aluminum  raises  the  band  gap  above  that  of  GaAs  so  these 
regions  act  as  partially  transparent  mirrors  to  electrons,  the 
charge  transport  taking  place  by  tunneling  through  the  50- 
A-thick  barriers.  These  two  mirrors  form  a  sort  of  electron 
Fabry-Perot  resonator  with  peaks  in  the  electron  transmis¬ 
sion  (current)  as  a  function  of  incident  electron  energy  (vol¬ 
tage). 

It  is  clear  from  the  Fabry-Perot  analogy  that  coherence 
of  the  electron  wave  function  is  required  across  the  entire 
double  barrier  region.  Any  scattering  which  occurs  in  either 
the  well  or  barriers  will  destroy  this  coherence,  greatly  re¬ 
ducing  the  probability  of  transmission  through  the  double 
barrier  region.  In  previously  reported  structures  the  well  re¬ 
gion  contained  approximately  1017  cm-3  donor  atoms.  By 
eliminating  these  impurities,  so  that  the  well  was  nominally 
undoped,  the  tunneling  current  density  has  been  increased 
by  a  factor  of  100. 

It  is  possible  to  damp  the  oscillators  of  the  devices  with 
negative  impedances  of  greater  than  a  few  hundred  ohms  by 
applying  a  broadband  (0. 1-18  GHz)  50-/2  termination.  Fig¬ 
ure  2  shows  such  an  1-V 'curve  of  a  device  at  100  K  traced  out 
by  a  dc  voltage  source.  The  dark  curve  shows  the  true  I-V 
curve  of  the  quantum  well  resonator.  The  light  curve  was 
taken  when  the  device  was  oscillating,  under  conditions  de¬ 
scribed  below,  at  4  GHz.  The  shift  is  due  to  the  current  re¬ 
sponse  from  self-detection  of  the  oscillations.  This  interpre¬ 
tation  is  confirmed  by  the  fact  that  the  sign  of  the  current 
response  is  the  same  as  the  curvature  of  the  I-  V  curve,  be¬ 
coming  zero  at  the  inflection  point.  The  dashed  lines  indicate 
the  discontinuous  transition  between  stable  and  oscillating 
states. 


FIG.  2.  Current- voltage  characteristic  for  a  quantum  well  resonator  at  100 
K.  The  dark  line  is  the  true  curve  for  a  stable  device;  the  light  line  was 
measured  when  oscillating  at  4  GHz.  The  difference  is  due  to  self-detection. 

A  coaxial  resonant  cavity  was  used  for  these  oscillators 
with  the  quantum  well  resonator  at  one  end  of  the  cavity,  as 
shown  schematically  in  Fig.  3.  The  minimum  cavity  length 
we  could  easily  achieve  resulted  in  a  maximum  fundamental 
oscillation  frequency  of  9  GHz.  However,  it  was  sometimes 
possible  to  observe  oscillation  in  the  higher  modes  so  that 
frequencies  up  to  18  GHz  were  obtained.  This  was  the  maxi¬ 
mum  frequency  for  which  the  coaxial  circuit  components 
were  well  behaved. 

The  spectrum  of  a  quantum  well  resonator  oscillating  at 
8.2  GHz  and  at  a  temperature  of  200  K  is  shown  in  Fig.  4. 
The  bandwidth  here  is  limited  by  the  spectrum  analyzer  re¬ 
solution,  but  in  measurements  at  higher  resolution  the  band¬ 
width  was  limited  by  mechanical  stability  of  the  cavity  to 
about  10  kHz.  The  wings  40  dB  below  the  peak,  which  ex¬ 
tend  out  to  a  few  MHz,  are  probably  due  to  low-frequency 
noise  mechanisms  in  the  charge  transport  process. 

The  observed  output  in  this  case  is  5  /tW.  The  maxi¬ 
mum  available  power  from  such  negative  resistance  devices 
is  given  by4 

P^=^VM,  (1) 

where  A  V \AI )  is  the  voltage  (current)  extent  of  the  negative 
resistance.  In  this  case  the  maximum  available  power  is  17 
/iW.  In  view  of  the  fact  that  no  matching  optimization  has 
been  attempted,  this  is  reasonable  agreement.  The  observed 
dc  to  rf  efficiency  is  2.4%  and  the  maximum  efficiency  based 


FIG.  3.  Coaxial  cavity  used  as  resonant  circuit  for  oscillating  quantum  well 
resonators. 
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FIG.  4.  Spectrum  of  o«cilUtin|  quantum  well  resonator.  The  wings  below 
—  60  dBm  which  extend  to  a  few  MHz  are  probably  due  to  low  frequency 
noise  in  the  charge  transport  process. 

on  Eq.  (1)  would  be  about  8%.  Past  work  on  tunnel  diodes3 
has  achieved  output  powers  higher  than  these  due  primarily 
to  their  higher  current  density  and  somewhat  higher  A  V. 
(We  discuss  increasing  the  current  density  in  quantum  well 
devices  below.) 

The  maximum  oscillation  frequency  we  have  measured 
from  this  circuit  is  18  GHz.  The  maximum  oscillating  fre¬ 
quency  one  could  expect  from  a  negative  resistance  device 
with  fast  charge  transport  is  given  by6 

/—  =  l/2irCViM7.  (2) 

where  R,  is  the  series  resistance,  R „  is  the  negative  differen¬ 
tial  resistance,  and  C  is  the  capacitance.  For  the  rather  large 
area  devices  we  are  currently  using,  this  frequency  is  35 
GHz.  This  can  be  raised  in  several  ways.  The  current  density 
has  already  been  increased  (hence  decreasing  Rn  for  a  given 
r. )  by  two  orders  of  magnitude  over  earlier  devices  by  reduc¬ 
ing  scattering.  Our  calculations  show  that  another  factor  of  5 
can  be  gained  by  a  further  reduction  in  scattering,  and  there 
is  at  least  another  factor  of  10  to  be  gained  by  changing  bar¬ 
rier  thicknesses. 

If  impedance  levels  get  too  low  because  of  the  higher 
current  density,  either  a  smaller  diameter  or  a  series  connect¬ 


ed  stack  could  be  used.  With  these  methods,  oscillation  fre¬ 
quencies  of  a  few  hundred  gigahertz  could  be  achieved.  The 
output  power  would  also  be  increased  by  increasing  the  cur¬ 
rent  density. 

Above-band-gap  radiation  generally  increases  the  out¬ 
put  power.  Several  photoconductive  effects  with  characteris¬ 
tic  time  constants  between  nanoseconds  and  minutes  have 
also  been  observed.  These  will  be  studied  in  more  detail  and 
reported  in  the  future. 

Quantum  well  resonators  are  promising  as  a  source  of 
high  frequencies  at  low  power.  Although  individually  they 
are  not  particularly  powerful,  the  very  high  volume  power 
density  (40  MW/cm1)  suggests  that  power  combining  tech¬ 
niques  could  greatly  increase  the  total  output.  The  powerful 
methods  of  molecular  beam  epitaxy  and  planar  lithography 
could  produce  monolithic  structures  with  integrated  anten¬ 
nas,  resulting  in  high  power  coherent  arrays  similar  to 
phased  laser  diode  arrays.  Another  possible  use  for  quantum 
well  resonators  is  as  self-oscillating  mixers,  since  they  have 
already  demonstrated  the  ability  to  mix  at  submillimeter 
wavelengths. 2  The  possibility  of  using  the  negative  resistance 
for  amplification  at  high  frequencies  remains  to  be  explored. 

We  are  pleased  to  express  our  appreciation  to  those  who 
helped  fabricate  these  devices,  especially  J.  J.  Lambert,  I.  H. 
Mroczkowski,  and  N.  Usiak.  Useful  discussions  were  had 
with  A.  R.  Calawa,  H.  Q.  Le,  B.  A.  Vojak,  and  H.  J.  Zeiger. 
We  would  especially  like  to  thank  R.  A.  Kiel  of  AT&T  Bell 
Laboratories  for  some  helpful  suggestions.  This  work  was 
supported  by  the  U.  S.  Army  Research  Office. 
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Abstract 

Response  of  GaAs  FETs  in  mm-wave  and  optical 
heterodyne  experiments  has  been  obtained  at 
frequencies  above  the  frequency  of  unity  current 
gain,  fy.  In  the  mixing  of  two  visible  lasers, 
beat  frequencies  as  high  as  300  GHz  have  been 
observed.  These  high  IFs  were  down  converted  to 
microwave  frequencies  by  radiatively  coupling  mm- 
wave  local  oscillators  into  the  gate  region. 

Introduction 

Substantial  efforts  are  currently  being 
devoted  to  extending  GaAs  MESFET  operation  into  the 
millimeter  frequency  regime.  To  date,  experimental 
0.25  pm  gate  length  devices  have  exhibited  useful 
gain  up  to  40  GHz. I  In  the  present  work  GaAs  FETs 
are  Investigated  by  operating  them  as  mixers  and 
detectors  at  much  higher  frequencies,  significantly 
above  fy.  Although  a  number  of  studies  involving 
visible  radiation  have  been  made  using  picosecond 
pulses,2  the  emphasis  here  is  the  response  to  CW 
sources. 

Our  results  indicate  that  GaAs  FETs  can  be 
used  as  sensitive  and  versatile  detectors  and 
mixers  of  millimeter  wave  and  optical  radiation. 
As  millimeter  mixers  results  have  been  obtained  up 
to  350  GHz.  Exploiting  this  millimeter  wave 
responsivlty,  optical  mixing  between  two  lasers  has 
been  demonstrated  with  IF  frequencies  up  to 
300  GHz. 


Device  Description  and  Experimental  Procedures 


Devices  used  in  the  experiments  are  0.5  us 
gate  length  MESFET3  with  a  total  gate  width  of 
104  um.  The  gate  fingers  are  located  in  a  drain- 
source  spacing  of  ~4  pm.  Gate  capacitance  and 
transconductance  are  typically  0.06  pF  and  9.5  mS, 
respectively.  Consequently,  fy  is  approximately 
25  GHz.  A  photomicrograph  of  a  typical  device  is 
shown  in  Fig.  la.  The  FETs  are  mounted  in  the 
common  source  configuration  and  biased  in  the 
linear  region.  The  optical  and  millimeter  wave 
signals  are  coupled  radiatively  into  the  gate 
region  of  the  FET,  and  the  IF  frequency  is  detected 
at  the  drain  terminal  in  a  500  system.  The  gate 


"This  work  was  sponsored  by  the  U.S.  Army  Research 
Office  and  the  U.S.  Air  Force  (with  specific 
support  by  AF0SR). 


terminal  is  only  used  if  the  IF  is  down  converted 
further  by  a  second  local  oscillator  in  the 
microwave  range.  Otherwise,  the  gate  terminal  is 
connected  to  ground  via  a  500  resistor.  The  3-way 
mixing  of  two  optical  signals  with  either  a 
microwave  signal  or  a  millimeter  wave  signal  is 
Illustrated  in  Fig.  2. 


Millimeter  Wave  Mixing 


In  the  millimeter  wave  and  submillimeter  wave 
frequency  range  the  signal  is  radiatively  coupled 
into  the  gate  region  by  the  fields  of  a  closely 
spaced  waveguide.  The  coupling  is  maximized  when 
the  E-field  is  orthogonal  to  the  gate  stripe,  as 
indicated  in  Fig.  la.  Video  detection  has  been 
obtained  up  to  800  GHz  by  this  method.  Harmonic 
mixing  was  performed  by  combining  spatially  the 
fields  of  a  350  GHz  carcinotron  with  that  of  a 
70  GHz  klystron  in  the  vicinity  of  the  gate  region. 
The  detected  IF  is  the  difference  frequency  between 
the  -350  GHz  signal  and  the  5th  harmonic  of  the 
70  GHz  local  oscillator  and  was  typically  in  the 
range  of  2  to  4  GHz.  In  the  harmonic  mixing 
experiment  the  signal  to  noise  ratio  for  the 
detected  IF  response  was  typically  on  the  order  of 
45  dB. 


Optical  Mixing 


Since  millimeter  wave  detection  and  mixing  has 
been  demonstrated,  it  becomes  feasible  to  examine 
optical  mixing  at  very  high  IF  frequencies.  Mixing 
in  the  optical  region  was  performed  by  focusing  a 
He-Ne  laser  at  6328  &  and  a  tunable  stabilized  dye 
laser  pumped  by  an  Ar+  ion  laser  onto  the  vicinity 
of  the  gate  with  a  ~3  um  diffraction  limited  spot. 
Power  levels  for  the  He-Ne  laser  and  dye  laser  were 
1  tpW  and  50  mW,  respectively.  As  an  optical 
detector  the  signal  level  was  on  the  order  of 
60  mV.  A  summary  of  mixing  experiments  in  the 
optical  region  showing  the  relevant  spectral  ranges 
involved  is  illustrated  in  Fig.  3.  The  stabilized 
dye  laser  was  tuned  away  from  the  He-Ne  laser  to 
produce  IF  frequencies  ranging  from  100  MHz  to 
300  GHz.  In  order  to  cover  this  wide  IF  range 
three  conversion  techniques  were  used  in  different 
frequency  regimes.  Below  20  GHz  the  IF  response  was 
detected  directly  using  a  spectrum  analyzer. 
Between  20  and  40  GHz  the  IF  response  was 
heterodyned  down  to  500  MHz  by  feeding  a  microwave 
local  oscillator  into  the  gate  terminal  of  the  FET. 
The  power  of  the  microwave  local  oscillator  used 
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was  approximately  200  mW.  Between  40  and  300  GHz, 
down  conversion  of  the  millimeter  wave  IF  signal 
was  achieved  by  coupling  the  millimeter  wave  L0 
from  a  carcinotron  into  the  gate  region  by  means  of 
a  closely  spaced  waveguide,  as  shown  in  Fig.  4. 

As  a  special  case  of  optical  mixing  using  only 
one  laser,  two  modes  of  a  He-Ne  laser  were  also 
mixed  in  an  FET  to  produce  an  IF  signal  of  641  MHz. 
Plots  of  the  detected  IF  signal  were  obtained  by 
scanning  the  laser  beam  over  the  device  in  order  to 
define  the  active  region  as  shown  in  Fig.  lb. 
Reduced  response  has  also  been  observed  from  the 
mode  mixing  of  a  Nd:YAG  laser  at  1.06  us,  ie., 
below  the  CaAs  bandgap  energy. 

Discussion  of  Results 


The  frequency  limit  in  most  GaAs  FET 
applications  arises  from  the  fact  that  the  signal 
is  fed  into  the  gate  terminal,  which  is  loaded  by 
the  depletion  layer  capacitance,  Cg.  As  a  result, 
the  time  constant  associated  with  Cg  and  the 
transconductance,  go,,  dominates  the  frequency 
response  of  the  device.  The  frequency  of  unity 
current  gain  is  given  by  f^  «  ga/2nCg  and 
consequently  is  the  primary  frequency  limit  when 
the  signal  is  fed  directly  into  the  gate  terminal. 
However,  t'x  is  not  necessarily  the  upper  limit  when 
signals  are  radiatively  coupled  into  the  device. 


Coupling  optical  signals  into  an  FET  has  been 
reported  previously.  Optically  induced  variations 
of  drain  current3*4*6,  gate  capacitance6,  pinch-off 
voltage3,  S-pararaeters7 ,  and  back-gating'  have  also 
been  studied.  Applications  of  Che  photo-induced 
effect  for  tuning  the  frequency  of  GaAs  FET 
oscillators6’8  and  for  use  as  high-speed  optical 
detectors4*7*^*30  have  also  been  demonstrated.  The 
photoresponse  mechanism  of  GaAs  FETs  proposed  by 
Sugeta  and  Matsushima33  is  shown  in  Fig.  5. 
Optical  Illumination  generates  carriers  In  the 
depletion  layer,  which  are  then  swept  out  by  the 
electric  field,  producing  a  photocurrent  in),*  The 
associated  gate  photovoltage  in  turn  modulates  the 
depletion  layer,  varying  the  drain  current  via  the 
transconductance  of  the  FET.  Since  modulation  of 
the  drain  current  is  based  on  the  photogenerated 
voltage  at  the  gate  terminal,  the  frequency 
response  of  a  FET  to  an  intensity  modulated  optical 
excitation  will  still  be  constrained  by  fj  — 
essentially  the  same  limit  as  for  an  FET  in  a 
microwave  application  where  the  input  signal  is 
connected  directly  to  the  gate  terminal.  The  above 
mechanism  can  be  extended  to  explain  optical  mixing 
at  IF  frequencies  below  fj,  such  as  mixing  of  two 
modes  of  a  He-Ne  laser  in  an  FET  to  produce 
carriers  at  the  beat  frequency  of  641  MHz. 


For  IF  signals  significantly  above  f?  it  is 
not  possible  for  the  depletion  layer  to  follow  the 
beat  frequency  because  of  long  time  constants 
associated  with  the  large  depletion  layer 
capacitance.  Hence  a  different  mechanism  must  be 
responsible  for  the  observed  mixing,  such  as 
photoconductivity  with  consequent  modulation  of  the 


depletion  layer  and  photo-induced  effects  at  the 
depletion  layer  edges  of  the  gate.  If  mixing  is 
produced  by  a  net  change  in  phoco-induced  carrier 
density  in  the  FET  channel,  then  the  rapid  removal 
of  one  carrier  type  from  the  active  device  area  is 
required.  Both  the  lifetime  and  transit  time  of 
electrons  through  the  gate  region  are  too  long  to 
account  for  the  observed  high  frequency  response. 
Two  possible  mechanisms  for  more  rapid  carrier 
removal  are  the  trapoing  of  holes  by  defect  centers 
or  the  differences  of  sweep-out  rate  of  electrons 
and  holes  by  the  electric  field.  Trapping  of  holes 
has  been  proposed  previously  to  explain  the 
Increase  of  gate  capacitance  under  optical 
illumination. 6  Then  modulation  of  the  drain 
current  results  from  variation  of  the  channel 
thickness  at  the  depletion  layer  edge.  In  Fig.  6 
the  response  of  the  depletion  layer  under  the  gate 
to  an  applied  E-field  is  shown.  Because  of  the 
built-in  potential  of  the  Schottky  barrier,  charges 
do  not  come  from  the  gate  metal,  but  rather  they 
originate  near  the  boundary  of  the  depletion  layer. 
If  the  charges  Induced  by  the  radiatively  coupled 
E-field  are  confined  to  the  edges  of  the  gate,  then 
modulation  of  the  current  in  the  channel  takes 
place.  The  high  frequency  response  follows  by 
virtue  of  the  small  Incremental  capacitance 
associated  with  the  depletion  layer  edge  rather 
than  with  the  large  capacitance  of  the  entire 
depletion  layer.  In  the  case  of  millimeter  wave 
mixing  a  second  E-field  is  radiatively  coupled  in, 
to  down-convert  to  IF  frequenies  which  are  detected 
at  the  drain  terminal.  Mixing  could  arise  from 
nonlinearities  in  the  junction  or  from  channel 
modulation  effects. 

Summary  and  Conclusions 

A  number  of  experiments  are  in  progress  to 
determine  the  relative  importance  of  the  mechanisms 
giving  rise  to  mixing  in  an  FET  over  a  broad 
frequency  range.  More  complex  mechanisms  than 
those  discussed  above  may  have  to  be  invoked  to 
explain  the  response  that  has  been  observed  in  the 
saturated  current  regime,  and  the  reduced  response 
observed  from  the  mode  mixing  of  a  Nd : TAG  laser  at 
1.06  in,  below  the  band  gap  energy. 

In  view  of  the  inefficient  coupling  of 
millimeter  wave  and  optical  signals  into  the 
device,  it  seems  appropriate  to  consider  device 
configurations  that  might  provide  tighter  coupling. 
Camel  and  Ballantlne3  have  proposed  coupling  the 
optical  signal  into  the  FET  using  an  optical 
waveguide  positioned  parallel  to  the  FET  gate.  The 
analogous  device  for  mixing  in  the  millimeter  wave 
region  would  utilize  a  dielectric  waveguide 
parallel  to  the  gate.  Devices  without  gates  could 
also  be  fabricated  to  test  the  relative  Importance 
of  the  depletion  layer  in  optical  and  millimeter 
wave  mixing.  A  second  possibility  is  using  GaAs 
optical  or  millimeter  waveguide  on  a  layer  of  SIO2 
and  thereby  fabricating  the  device  as  an  Integral 
part  of  the  guide.  GaAs  and  InP  optical  waveguides 
fabricated  using  epitaxial  overgrowth  have  been 
reported  by  Leonberger  and  coworkers. 3^  We  suggest 
the  fabrication  of  FETs  on  an  n-type  layer  grown 
over  the  semi-insulating  waveguldlng  structure.  In 
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this  second  approach  che  waves  would  be  propagating 
within  the  device  rather  than  coupling  to  the 
fringing  fields.  Experimental  devices  such  as 
those  described  may  provide  becter  coupling  to  the 
optical  or  millimeter  waves,  as  well  as  a  means  to 
obtain  additional  data  for  the  understanding  of  the 
physical  mechanisms  which  produce  mixing  in  FETs  at 
high  frequencies. 
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Figure  1.  (a)  Photomicrograph  of  0.5  \n  x  104  gm 

gate  GaAs  FET.  b)  Scanning  plots  of 
beat  frequency  from  mixing  two  modes  of 
a  He-Ne  laser  in  0.5  gate  device. 
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Figure  2.  Eranples  of  J-wy  airing:  (a)  Two 

optical  signals  and  a  alcrowave  LO. 
(b)  Two  optical  signals  and  a  nllllnatar 
wava  LO. 


Figure  !•  Miring  experlnent  using  two  lasers  and  a 
nllllnatar  wava  LO. 
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Figure  S.  Fhotoresponse  nechanlsn  after  Sugata  and 
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Figure  3.  Sweep  of  airing  axparlaants  In  the  Figure  t.  Response  to  an  applied  nllllnatar  wava 
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spectral  regions  Involved. 
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Heterodyne  Radiometry  Measurements  of  the  557  GHz  H2O 

Rotational  Line 

GERALD  F.  DIONNE,  HAROLD  R.  FETTERMAN,  NEAL  R.  ERICKSON,  CHRISTOPHER  D.  PARKER,  and 

JAMES  F.  FITZGERALD 


Abstract- A  high-resolution  heterodyne  radiometer  that  utilizes  a 
crossed-guide  harmonic  mixer  pumped  by  a  300  GHz  carcinotron  as  a 
local  oscillator  has  been  developed  for  submillimeter  wavelengths. 
Previous  investigations  of  the  radiation  transfer  properties  of  spectral 
lines  in  supersonic  gas  flow  have  been  extended  to  longer  wavelengths 
using  the  tunability  of  this  system.  With  less  than  2  mW  of  fundamen¬ 
tal  local  oscillator  power,  traces  of  the  557  GHz  ortho-H20  rotational 
transition  <  1 10  —  loi),  Doppler-broadened  to  only  a  few  MHz,  were 
observed  in  absorption  against  a  continuum  background. 

IN  earlier  studies  of  the  radiation  transfer  characteristics  of 
isen tropically  expanding  H20  molecules,  a  Schottky-barrier 
GaAs  diode  mounted  in  a  corner  reflector  configuration  [1] 
was  used  as  the  first-stage  mixer  of  a  high-resolution  submilli¬ 
meter-wave  heterodyne  radiometer.  This  instrument,  with  a 
resolution  capability  better  than  1  MHz,  was  used  to  make  the 
first  rotational  excitation  temperature  measurements  of  the 
para-H20  752  GHz  (2U  *■  2W)  line  (see  Fig.  1)  in  supersonic 
flow  [2],  [31 .  A  C02-pumped  HCOOH  laser  at  761  GHz 
proved  to  be  a  convenient  source  of  local  oscillator  (LO) 
power,  providing  a  manageable  9  GHz  intermediate  frequency. 
Although  this  system  was  highly  sensitive  at  the  wavelength 
required  for  the  752  GHz  line,  obtaining  sufficient  local  oscil¬ 
lator  power  at  the  wavelengths  of  other  lines,  such  as  the 
intense  110  *■  l0i  transition  of  ortho-H20  at  557  GHz  vsee 
Fig.  I),  proved  to  be  extremely  difficult.  It  was  for  this  reason 
that  a  highly  tunable  harmonic  system  was  developed. 

Backward-wave  oscillators  (BWO  or  carcinotron)  are  readily 
available  with  acceptable  power  levels  for  this  application  up 
to  400  GHz.  Furthermore,  the  concept  of  using  second-har¬ 
monic  mixing  for  radiometric  measurements  has  been  demon¬ 
strated  at  600  GHz  [4] .  In  the  present  work,  a  highly  sensitive 
crossed-guide  doubler  [5| ,  based  on  a  design  scaled  from  lower 
frequencies  [6 ) .  was  used  to  establish  the  feasibility  of  this 
type  of  high-resolution  spectral-line  radiometric  measurement 
required  for  investigations  of  molecular  temperatures  in  super¬ 
sonic  gas  flows.  Tliis  doubler,  shown  in  Fig.  2,  employs  funda¬ 
mental  waveguide  at  1  and  0.5  mm,  separated  by  a  coaxial 
choke  to  isolate  the  harmonics.  In  combination  with  a  300 

Manuscript  received  September  1,  1983.  This  work  was  supported 
in  part  by  the  Department  of  the  Army,  United  States  Army  Research 
Office. 

G.  I  .  Dionne.  C.  D.  Parker,  and  J.  I  .  Fitzgerald  are  with  the  Lincoln 
Laboratory.  Massachusetts  Institute  of  Tcchnoloey.  Lesineton.  MA 
03173. 

H.  R.  I  etterman  is  with  the  Department  of  Electrical  Engineering. 
University  of  California.  Los  Angeles,  CA  90024. 

N.  R.  Erickson  is  with  the  Five  College  Radio  Astronomy  Observatory. 
University  of  Massachusetts.  Amherst.  MA  01003. 


GHz  carcinotron,  this  doubler/mixer  was  used  to  replace  the 
corner  reflector  Schottky  diode  and  the  HCOOH  laser  of  the 
original  experiment. 

As  outlined  in  the  apparatus  sketch  of  Fig.  3,  continuum 
radiation  from  a  Hg-arc  lamp  was  transmitted  through  the 
supersonic  flow  of  an  expanding  water  vapor  jet  in  a  high 
vacuum  chamber.  Outside  of  the  TPX  exit  window,  the  sig¬ 
nal  entered  a  N2  dry  box  (required  to  remove  atmospheric 
water  that  would  mask  the  spectral  absorption  effects  inside 
the  chamber),  and  was  focused  into  the  0.5  mm  waveguide 
of  the  mixer.  With  a  fundamental  frequency  of  281.5  GHz. 
the  harmonic  mixing  occurred  between  563  GHz  and  the  557 
GHz  signal  to  produce  a  6  GHz  intermediate  frequency  (IF) 
for  the  first  stage  of  the  double  heterodyne  receiver. 

After  preamplification  and  filtering,  a  second  mixer  was  used 
to  beat  the  IF  down  to  ~3  GHz  with  a  tunable  A"-band  frequency 
generator.  The  receiver  resolution  was  fixed  by  a  3  GHz  wave¬ 
guide  cavity  filter  with  a  1  MHz  passband.  Signal  processing 
and  recording  were  then  carried  out  by  phase  sensitive  detec¬ 
tion  similar  to  that  of  the  original  experiments  [2] ,  [3] . 

With  a  combination  of  carcinotron  and  harmonic  mixer,  a 
double-sideband  system  noise  temperature  of  50  000  K  was 
measured  at  the  fundamental  frequency  of  28 1 .5  GHz  required 
in  the  experiment.  Since  a  large  part  of  the  50  000  K  was 
generated  by  the  carcinotron  itself,  substantial  improvements 
in  sensitivity  would  be  realized  by  greater  filtering  of  the  local 
oscillator.  This  temperature  was  approximately  double  the 
value  of  23  000  K  previously  measured  in  testing  at  285  GHz 
[5j .  Since  the  carcinotron  maximum  available  power  at  281.5 
GHz  was  about  a  factor  of  ten  lower  than  the  2  mW  at  285 
GHz.  it  is  logical  to  conclude  that  the  receiver  was  LO  starved 
in  these  experiments  and  that  increases  in  the  fundamental 
power  level  could  result  in  further  sensitivity  improvements. 

In  spite  of  the  limited  LO  power  and  sensitivity,  the  signal- 
to-noise  ratio  was  sufficient  to  trace  line  shapes  with  a  1  s 
integration  time  on  the  phase  sensitive  detector.  As  presented 
in  Fig.  4.  the  preliminary  trace  of  the  H20  absorption  line  at 
557  GHz  had  a  linewidth  of  about  6  MHz.  and  reached  a  rota¬ 
tional  excitation  temperature  (assuming  100  percent  optical 
depth)  of  about  60  K.  The  theoretical  Doppler  broadening  of 
the  situation  of  diverging  streamlines  in  an  isentropic  expansion 
would  be  estimated  at  about  4  MHz  at  557  GHz  [2].  [3], 
The  high  value  of  experimental  linewidth  arises  from  a  60  Hz 
ripple  in  the  carcinotron  power  supply  voltage  that  caused  a 
variation  (~3  MHz)  in  the  output  frequency. 

As  explained  in  earlier  works  [2] .  [3| .  the  rotational  excita¬ 
tion  temperature  is  expected  to  remain  in  equilibrium  with  the 
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ROTATIONAL  ANGULAR  MOMENTUM  (J) 


Fig.  I .  Water  molecule  rotational  energy  levels. 
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Fig.  2.  Cross  section  drawing  of  the  submillimeter-wave  doubler/mixer. 


molecular  translational  temperature  of  the  isentropic  expan¬ 
sion.  and  to  cool  to  below  room  temperature  within  a  few 
nozzle  diameters  downstream.  In  this  case,  the  nozzle  size 
was  2  cm  in  diameter  and  the  observations  were  made  along 
a  radiometer  line-of-sigiit  50  nozzle  diameters  from  the  jet 
exit  plane.  Changes  in  the  557  GHz  rotational  temperature 
with  distance  downstream  and  details  of  the  line  profile  are 
subjects  of  continuing  investigations  employing  this  new  radio- 
metric  capability. 


In  future  experiments,  substantial  improvements  in  resolution 
and  sensitivity  through  the  use  of  a  filter  bank  are  expected 
to  make  possible  more  precise  measurements  of  the  line  pro¬ 
file.  In  addition,  with  the  present  success  achieved  from  less 
than  2  mW  of  fundamental  LO  power,  it  now  seems  likely 
that  the  output  of  a  solid-state  power  source  at  94  GHz  may 
be  tripled  by  solid-state  circuitry  to  supply  sufficient  power 
for  replacing  the  carcinotron  in  a  next  generation  of  this 
radiometer. 
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Fig.  3.  Diagram  of  vacuum  chamber,  steam  jet,  and  the  1  MHz  resolu¬ 
tion  heterodyne  radiometer  for  measuring  characteristics  of  the  SS7 
GHz  HjO  rotational  in  a  supersonic  flow. 


557 
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Fig.  4.  Experimental  trace  of  the  557  GHz  ortho-^O  rotational  line 
in  supersonic  flow.  Since  the  TPX  exit  window  had  a  transmissivity 
of  0.67,  this  voltage  trace  could  not  be  converted  to  temperature 
without  applying  the  appropriate  corrections  for  the  window  emis- 
sivity.  For  this  reason,  only  the  background  temperature  <~1800  K) 
and  the  temperature  at  line  center  (~60  K)  relative  to  the  300  K 
reference  chopper  have  been  indicated  in  this  Figure. 
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ABSTRACT 

The  profile  of  the  CO  line  in  Orion  has  been  studied  at  691  GHz  with  the  NASA  infrared 
telescope  at  Mauna  Kea  using  a  laser  heterodyne  receiver.  The  line  from  the  BN/KL  region  is  v?^r 
broad  and  has  a  peak  temperature  of  73?  =  1 80  K.  Away  from  BN /KL,  the  emission  line  becomes 
narrow,  and  the  intensity  falls  off  rapidly.  Several  other  galactic  sources  were  also  detected. 

Subject  headings:  interstellar:  molecules  —  nebulae:  Orion  Nebula 


i.  introduction 

In  1980  May  the  first  detection  of  the  691  GHz 
(7  =  6-5)  transition  of  CO  was  made  in  Orion  using 
the  NASA  Infrared  Telescope  Facility  (Fetterman  et  al. 
1981).  The  relatively  broad  (FWHM  =  26  km  s'1),  hot 
(100  K)  emission  that  was  observed  was  identified  with 
the  so-called  “plateau  source”  that  is  seen  in  the  spectra 
of  several  other  molecules  (HCN,  S02,  SiO,  etc.).  In 
contrast  with  observations  of  CO  at  lower  frequencies 
(Phillips  etal.  1977  and  1979),  there  was  an  apparent 
total  absence  of  the  prominent  narrow-line  feature.  A 
related  question  was  the  correlation  of  this  high  rota¬ 
tional  state  of  excited  CO  with  the  gas  kinetic  tempera¬ 
ture  and  hydrogen  density  and  whether  it  is  localized  to 
the  region  near  the  cloud  core.  Finally,  this  observation 
pointed  to  the  possibility  that  regions  of  comparable 
molecular  excitation  (7*  >100  K)  may  be  found  in  the 
cores  of  other  molecular  clouds. 

In  the  current  observations  made  in  1981  February  at 
the  Infrared  Telescope  Facility  (IRTF)  on  Mauna  Kea, 
each  of  these  points  has  been  addressed.  The  spatial  CO 
distribution  has  been  investigated  with  high  resolution 
(35").  Areas  with  both  narrow  line  features  and  broad 
“  plateau”  emission  have  been  identified.  Other  sources, 
with  an  antenna  temperature  almost  an  order  of  magni¬ 
tude  cooler,  have  been  measured  and  compared  with 
lower  frequency  studies.  An  attempt  has  been  made  to 
analyze  the  data  quantitatively  with  a  rate  equation 
approach  and  to  fit  it  to  a  kinetic  model. 

'Visiting  Astronomer  at  the  Infrared  Telescope  Facility  which  is 
operated  by  the  University  of  Hawaii  under  contract  from  the 
National  Aeronautics  and  Space  Administration. 


II.  INSTRUMENTATION  AND  CALIBRATION 

The  system  used  here,  described  in  detail  elsewhere 
(Fetterman  etal.  1981;  Goldsmith  etal.  1981),  employs 
a  heterodyne  receiver  developed  for  the  submillimeter.  It 
consists  of  a  comer  cube  Schottky  diode  (Fetterman 
etal.  1978)  serving  as  the  mixer,  with  a  stabilized  opti¬ 
cally  pumped  molecular  laser  (Koepf,  Fetterman,  and 
McAvoy  1980)  serving  as  the  local  oscillator.  The  1.4 
GHz  IF  amplifier  is  a  field  effect  transistor  with  a  noise 
temperature  of  approximately  50  K.  The  entire  system, 
including  an  IF  matching  network  (and  bias  Tee),  had  a 
noise  temperature  of  3900  K  double  sideband  at  432 

lim. 

The  number  of  the  5  MHz  wide  channels  in  the  IF 
filter  bank  was  increased  over  the  earlier  experiment  to 
64  in  order  to  improve  the  baseline  accuracy.  Instead  of 
position  switching,  which  was  used  in  the  first  experi¬ 
ment,  the  chopping  secondary  with  a  120"  excursion 
was  used  to  improve  the  signal-to-noise  ratio  and  to 
reduce  baseline  drift.  The  extended  distribution  of  ex¬ 
cited  CO  introduced  a  degree  of  reference  beam 
contamination  with  this  approach.  We  will  study  this 
problem  during  a  future  observing  period  to  determine 
how  severe  it  is. 

During  the  experiment  particular  attention  was  given 
to  calibration  of  absolute  temperatures  and  to  de¬ 
termination  of  the  beam  size  and  shape.  Daily  measure¬ 
ments  were  made  of  the  total  amount  of  precipitable 
•water  vapor  using  a  Westphal  near-infrared  solar  ab¬ 
sorption  meter.  In  addition,  atmospheric  transmission 
measurements  were  made  at  691  GHz  by  recording  the 
atmospheric  emission  at  various  elevation  angles.  This 
provided  the  absorption  coefficients  (r)  at  1  air  mass 
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(Fetterman  etal.  1981).  These  measurements  were  then 
compared  with  direct  observations  of  the  Moon  and 
Jupiter  every  few  hours.  From  these  comparisons  we 
derived  an  absorption  coefficient  for  each  observing  day 
which  varied  from  r  =  0.6  to  1.2.  These  values  indicate 
water  vapor  amounts  of  <  1  precipitable  mm  in  a  verti¬ 
cal  column.  The  absorption  at  691  GHz  during  our 
observing  period  was  exceptionally  low,  even  for  a  site 
like  Mauna  Kea.  All  of  the  observations  were  then 
corrected  using  the  derived  coefficient,  the  elevation 
angle,  and  the  measured  telescope  efficiency. 

The  absolute  intensity  scale  was  derived  from  re¬ 
peated  observations  of  Jupiter  assuming  a  continuum 
temperature  of  130  K  for  the  planet  (Wright  1976).  At 
the  time  of  observation  Jupiter  was  40"  in  diameter.  A 
map  of  Jupiter  showed  that  the  beam  was  circularly 
symmetric  with  a  relatively  low  beam  efficiency  (20%) 
caused  by  spillover  of  the  telescope  secondary  and  led  to 
a  determination  of  35"  for  the  beam  diameter  (FWHM). 

III.  OBSERVATIONS 

a)  Orion  BN /KL 

Figure  1  illustrates  the  CO  spectra  at  two  points  in 
Orion  at  the  BN/KL  position  and  1'  south.  These 
spectra  were  taken  by  beam  switching  the  telescope  for  6 
minutes.  Figure  2  shows  part  of  the  data  obtained  from 
our  observations  of  Orion  as  a  function  of  position.  The 
measurements,  which  were  repeated  on  different  days. 


Flo  I  —CO  line  profile  in  the  center  of  the  BN  region  of 
Orion.  The  centra]  dip  in  the  line  is  either  due  to  self-absorption  or 
a  weak  emission  line  in  the  reference  beam.  The  CO  emission  spike 
1'  south  is  also  shown.  Note  the  large  77  obtained  for  this  position. 


indicated  that  the  intensity  scale  was  consistent  to  -  20%. 
The  mapping  of  CO  (7=6  —  5)  in  Orion  A  shows  the 
localized  plateau  emission  at  position  ( a„50  =  5h32m47s, 
S 1950  =  5°24'21")  in  addition  to  the  extended  narrow 
emission  observed  in  CO  mappings  at  lower  frequencies. 
In  comparison  with  earlier  CO  measurements  at  7  =  1 ,  2. 
and  3,  there  are  three  apparent  differences  (see  Fig.  2): 
(1)  the  narrow  emission  is  not  homogeneously  struc¬ 
tured;  (2)  the  plateau  emission  is  more  pronounced,  and 
(3)  the  plateau  exhibits  a  different  profile  and  a  dip  in 
the  center  rather  than  a  spike.  Our  antenna  temperature 
of  70-80  K  for  the  extended  emission  agrees  qualita¬ 
tively  over  most  of  the  region  with  lower  frequency  data. 
There  is  an  apparent  falloff  in  intensity  away  from 
BN /KL.  A  slight  E-W  asymmetry  in  the  distribution  is 
also  observed  (Fig.  2).  It  is  most  pronounced  at  the  0" 
and  -30"  decl.  positions.  In  addition  to  regions  of 
plateau  and  narrow  line  emission,  there  are  locations 
where  both  are  simultaneously  observed  such  as  Fig.  2  a 
and  Fig.  2  b  —30",  ARA  =  0.  Signals  appearing  at  Fig. 
2b  —  120"  and  —  150"  decl.  are  interpreted  as  indicating 
the  differential  between  two  velocity  components  of 
excited  CO.  At  several  positions  south  of  BN  we  mea¬ 
sured  temperatures  as  high  as  120  K.  The  3  —  2  and 
4  —  3  transition  of  CO  has  also  shown  enhanced  emis¬ 
sion  at  BN  (Phillips  etal.  1977;  Huggins  etal.  1981;  van 
Vliet  1981).  However,  these  hotter  regions  in  the  ex¬ 
tended  spike  emission  have  not  been  observed  at  lower 
frequencies. 

In  the  center  position  (BN)  we  found  an  antenna 
temperature  of  180-36  K  for  the  plateau  emission, 
which  is  somewhat  higher  than  our  previous  result 
(Fetterman  etal.  1981;  Goldsmith  etal.  1981).  The 
velocity  distribution  of  the  earlier  measurement  of  the 
7  =  6  —  5  transition  differs  somewhat  from  our  present 
profile:  the  FWHM  was  only  26  =  5  km  s-1  as  com¬ 
pared  to  38  =  5  km  s_l,  and  no  dip  appeared  close  to 
line  center.  The  smaller  width  could  be  partly  attributed 
to  the  uncertainty  in  the  earlier  baseline.  Also,  the 
position  of  observation  for  our  first  spectra  may  have 
been  as  far  as  30"  E  of  the  BN  peak,  which  was  the 
center  of  our  current  observations. 

Absence  of  a  central  spike  feature  might  indicate 
absorption  along  the  line  of  sight.  However,  as  we  noted 
in  the  calibration  section,  the  most  consistent  explana¬ 
tion  for  the  origin  of  the  observed  dip  in  the  broad 
emission  feature  is  subtraction  of  narrow  CO  emission 
in  the  reference  beam.  To  clarify  this  concept  the  ob¬ 
servations  taken  along  the  central  north-south  ridge  are 
also  shown  in  the  figure  for  a  reference  2'  in  the  west 
direction.  The  differences  in  the  two  directions  of  the 
central  dip  and  the  relative  size  of  the  narrow  line 
emission  could  be  interpreted  by  a  subtraction  of  CO 
emission  in  the  reference  beam.  This  implies  that  the 
contamination  is  equal  to  the  absorption  T*  -  40  K. 
The  lateral  extension  of  the  plateau  emission,  when 
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Fig.  2. — CO  emission  J  —  6  —  5  from  Orion  as  a  function  of  displacement  from  BN.  Along  the  north-south  ridge  the  results  of 
referencing  the  chopping  secondary  in  the  west  direction  are  also  shown.  The  observations  indicate  a  slight  asymmetry  in  the  narrow  line 
emission  distribution  which  is  clearly  seen  in  Fig.  2  b  0"  and  —30"  deci. 


assumed  to  have  a  Gaussian  velocity  profile,  is  about 
45"  in  right  ascension  and  35"  in  declination.  This  is  in 
close  agreement  with  earlier  mappings  at  lower  J  levels 
(Phillips  et  al.  1977;  Solomon,  Huguenin,  and  Scoville 
1981).  The  plateau  emission,  when  separated  from  the 
narrow  feature  and  fitted  to  a  Gaussian,  is  hotter  at 
/  =  6  —  5  than  at  lower  /  levels,  both  at  the  center  and 
in  the  wings.  At  25  km  s_l,  almost  a  perfect  J1  law  is 
obtained  for  the  antenna  temperatures,  consistent  with 
an  optically  thin  line  at  LTE.  At  line  center  the  ratio 
( 1  -  0) :  (2  -  1) :  (3  -  2) ;  (6  -  5)  is  about  1:2:4:20  and 
can  be  viewed  as  the  deviation  from  LTE  for  regions  of 
different  excitations  or  evidence  of  some  optical  thick¬ 
ness  at  J  =  6  —  5.  The  data  are  listed  in  Table  1 . 


b)  Other  Sources 

Several  other  sources  were  observed  in  these  runs  and 
are  shown  in  Figure  3  and  compared  with  other  J  levels 
in  Table  I.  They  do  not  exhibit  the  large  intensity 
increase  observed  in  the  /  =  6  —  5  CO  line  in  Orion. 
This  indicates  that  either  the  lines  are  optically  thick  in 
these  sources  or  the  region  has  a  lower  density  and  is 
sub-LTE  in  the  /  =  6  levels.  The  profiles  in  IRC  +  10216 
appear  very  similar  to  they  =  1  —  0  and  2  —  1  transitions 
of  CO  (Kuiper  et  al.  1976;  Wannier  etal.  1979).  Sgr  B2 
shows  peaks  in  the  emission  at  50  and  80  km  s~ which 
resemble  those  observed  in  HCN  and  HCO*  in  Sgr  B2 
(Hollis  etal.  1975;  Linke  etal.  1977).  DR  21  OH  shows 
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Source 

a (1950) 

5(1950) 

^LSR 

(km  s  ) 

CO  (1  —  0) 
(K) 

CO  (2-1) 

<K) 

CO  (3-  2) 

(K) 

CO  (6-51 
<K) 

Orion* 

5h32m47.s0 

—  5024-21" 

9 

9«.b 

20*-' 

35*-d 

180* 

Orion 

5  32  47.0 

-5  25  2! 

9 

85 

93 

79* 

120 

(spike) 

OMC  2b 

5  33  00 

-5  1234 

9 

45'- f 

47' 

10 

NGC  2023 

5  39  10.0 

-2  1749 

10 

20 

NGC  2024 

5  39  12.0 

-1  55  42 

9 

40' 

31' 

25 

IRC  102l6d 

9  45  14.8 

13  3041 

-22 

6* 

I8b 

2e 

15 

Sgr  B2f 

17  44  11 

-28  22  30 

50.80 

15' 

131 

25 

W49 

19  07  53 

9  01  00 

7 

20 

DR  2lc 

20  37  14 

42  12  00 

-5 

25' 

20' 

17* 

40 

'Plambeck  and  Williams  1979. 
‘Kuiper  et  al.  1976. 
bWannier  era/.  1979. 

1  Phillips  et  al.  1979. 


of  source  structure  on  the  measured  intensity.  An  effort 
is  being  made  to  understand  these  systems  using  a  rate 
equation  model  analogous  to  that  which  will  be  de¬ 
scribed  in  the  next  section.  Some  of  the  sources  observed 
here  have  also  been  examined  at  higher  7  levels  (Storey 
et  al.  1981).  The  upper  limits  for  excitation  temperatures 
obtained  there  are  consistent  with  the  measurements 
reported  here. 


a  Temperature  of  broad  plateau  feature  in  Orion. 
bZuckerman.  Kuiper.  and  Rodriguez  Kuiper  1976. 

'Wannier  and  Phillips  1977. 
d Phillips  era/.  1977. 

'Erickson  1979. 

an  apparent  double  line  similar  to  the  profile  of  the 
7  =  3-2  CO  line  (Phillips  era/.  1981)  and  the  HCO+ 
line  (Hollis  etal.  1975);  however,  the  data  of  Phillips 
et  al.  refer  to  a  position  3'  south  of  our  data.  Although 
our  high  spatial  resolution  (35")  permits  us  to  observe 
various  hot  H  it  regions,  the  different  angular  sizes  of 
these  sources  introduce  various  degrees  of  beam  dilu¬ 
tion.  Further  studies  of  these  clouds  will  reveal  the  effect 


Fig.  3  —Several  sources  of  J  =  6  —  5  CO  emission  at  691  GHz. 
Although  the  signals  are  weak,  the  general  shapes  are  consistent 
with  observations  at  lower  frequencies  The  integration  time  for 
these  runs  was  6  minutes  per  scan. 


IV.  DISCUSSION 

The  kinetic  processes  that  cause  the  hot  plateau 
emission  in  Orion  have  been  the  subject  of  extensive 
speculation  and  modeling.  The  most  widely  applied 
models  are  based  on  large  scale  velocity  gradient  struc¬ 
tures  (Goidreich  and  Kwan  1974;  Scoville  and  Solomon 
1 974).  The  7=3  —  2  and  2  —  1  plateau  profiles  have 
been  matched  with  a  differential  expansion  model  by 
Kwan  and  Scoville  (1976)  and  by  Wannier  and  Phillips 
( 1 977),  respectively.  Our  7  =  6-5  profile  can  be  fitted  to 
this  model  onl,  by  assuming  a  substantially  higher 
velocity  gradient.  The  detection  of  molecular  hydrogen 
emission  has  recently  led  to  the  model  of  a  shock  wave 
expanding  into  the  molecular  medium  (Kwan  1977).  For 
conversion  of  the  H2  molecules  in  the  hot  shock  front,  a 
maximum  shock  velocity  of  24  km  s-1  has  to  be  im¬ 
posed.  The  detection  of  CO  emission  from  high  7  levels 
(Watson  etal.  1980)  has  also  been  attributed  to  such 
postshock  regions  where  the  kinetic  temperature  has 
decreased  to  about  1000  K  (Storey  etal.  1981).  Unfor¬ 
tunately,  these  observations  lack  the  spectral  resolution 
required  to  give  insight  into  the  velocity  details  and  the 
possible  shell  structure  of  the  emission  regions. 

The  7  =  6  —  5  emission  could  have  its  origin  in  an 
even  cooler  region  farther  behind  such  a  shock  front.  In 
this  region,  however,  the  gas  velocity  has  also  dropped 
to  substantially  below  its  value  at  the  shock  front,  and  it 
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Abstract 

Observations  of  the  CO  J-6+5  transition  at  691  GHz 
(434  un)  in  new  interstellar  and  planetary  sources  have 
been  made.  The  heterodyne  receiver  uses  an  optically 
pumped  laser  local  oscillator  and  a  quasi-optical 
Schottky  diode  mixer,  with  measured  noise  temperatures 
consistently  under  4000  K  (double  sideband).  Continued 
Improvements  in  system  performance  and  antenna  coupling 
have  made  possible  the  mapping  of  434  un  emission  from 
W3,  and  the  detection  of  CO  J«5-»6  absorption  in  the 
atmosphere  of  Venus.  A  detailed  description  of  the 
Instrumentation  and  recent  observational  data  are 
provided. 

Key  words:  submillimeter  astronomy,  heterodyne 
radiometry,  laser  local  oscillator,  Schottky  diode  mixer, 
quasi-optics. 

^Visiting  Astronomer  at  the  Infrared  Telescope  Facility, 
which  is  operated  by  the  University  of  Hawaii  from  the 
national  Aeronautics  and  Space  Administration. 

^Present  address:  Electrical  Sciences  and  Engineering 
Department ,  UCLA. 
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Introduction 


Ground-based  astronomy  at  wavelengths  between  100  m 
and  1  tan  is  severely  restricted  by  the  opacity  of  the 
atmosphere,  primarily  due  to  water  vapor  absorption,  and 
to  a  lesser  extent,  other  molecular  constituents.  The 
recent  construction  of  infrared  telescopes  at  high 
altitude  sites,  such  as  the  Infrared  Telescope  Facility 
(IRTF)  atop  Mauna  Kea,  Hawaii,  and  Cerro  Tololo  in  Chile, 
now  provide  submillimeter  astronomers  with  the 
opportunity  to  make  extended  observations  above  a 
substantial  fraction  of  the  atmosphere.  The  advantage  of 
such  a  site  is  considerable,  but  sensitive  receivers  and 
protracted  integration  time  are  still  normally  required 
to  achieve  adequate  signal  to  noise.  A  number  of 
innovative  techniques  have  been  developed  for 
submillimeter  detection,  and  for  the  astronomer  the 
choice  is  generally  a  compromise  among  resolution, 
bandwidth,  and  sensitivity. 

CO,  a  stable  and  therefore  abundant  Interstellar 
molecule,  has  been  identified  in  scores  of  astronomical 
objects.  The  large  dipole  moment  associated  with  CO 
makes  it  particularly  useful  as  a  probe  of  molecular 
hydrogen,  assuming  thermal  equilibrium.  Several  CO 
rotational  transitions  have  been  observed  in  the 
molecular  cloud  Orion,  using  both  coherent  and  incoherent 
techniques.  This  particular  object  is  noted  for  its 
breadth,  extending  more  than  30  arcminutes 
(*  1.5  x  10^9  era).* 

Coherent  heterodyne  receivers  employing  InSb  hot 
electron  bolometers  as  detectors/mixers  have  been  used  to 
observe  the  lower  frequency  transitions  (J-2 *1, 

J-3-*'2).2»3  The  high  resolution  intrinsic  to  heterodyne 
detection  has  yielded  narrow  spectral  features  that 
provide  important  information  about  the  chemistry  and 
kinetics  of  interstellar  gas  clouds.  The  disadvantage  of 
this  technique  is  the  limited  Instantaneous  bandwidth 
(■  1  MHz)  associated  with  InSb  detectors.  Until 
recently,  higher  frequency  CO  transitions  have  been 
limited  to  observation  by  incoherent  detection  using 
passive  interferometric  filtering  for  spectral  analysis.^1 
This  method  suffers  from  relatively  poor  frequency 
resolution,  revealing  Insufficient  information 
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concerning  che  physical  mechanisms  within  the 
astronomical  source. 


Inst r ume ntation 


In  an  effort  to  overcome  these  obstacles,  a  receiver 
has  been  developed  that  incorporates  a  stabilized  laser 
local  oscillator  within  a  heterodyne  radiometer.  A  block 
diagram  of  the  receiver  is  illustrated  in  Fig.  I. 


SEAM 

SPLITTER 


Figure  1.  The  coherent  quasi-optical  receiver 
includes  a  692  GHz  laser  local  oscillator. 


The  development  of  a  quasi-optical  Schottky  diode 
mixer  mounted  in  a  corner  reflector  configuration, 
demonstrating  high  sensitivity  at  submillimeter 
frequencies  (NEP  -  1.3  x  10“ 19  w/Hz  at  670  GHz), 
suggested  the  possibility  of  astronomical  measurements. 5 
The  15s  FWHM  acceptance  angle  of  the  mixer  permits 
free-space  coupling  to  the  antenna  with  minimal  signal 
loss.  The  extremely  broad  bandwidth  (>18  GHz)  of  these 
devices  is  ideally  suited  for  spectral  analysis  of 
atmospheric  and  extraterrestrial  molecular  transitions, 
which  typically  exhibit  linewidths  of  i00  MHz  or  more 
because  of  the  large  velocity  distributions. &  This 

characteristic  allows  the  entire  spectrum  to  be  acquired 
simultaneously  with  a  filter  bank,  an  important 
consideration  when  fluctuating  atmospheric  conditions  and 
dynamic  sources  give  rise  to  time-variant  signals.  By 
avoiding  the  need  to  retune  the  local  oscillator  or 
filters,  acquisition  time  is  determined  only  by  the 
signal  strength  of  the  source. 

At  present,  the  requisite  power  and  attainable 
spectral  purity  of  the  local  oscillator  mandates  the  use 
of  a  laser  at  frequencies  above  300  GHz.  Although 
optically  pumped  submillimeter  lasers  do  not  provide  the 
tunable  frequency  continuum  normally  expected  of  a  local 
oscillator,  they  have  an  abundance  of  discrete  far 
Infrared  lines  that  make  them  quite  suitable.  The 
primary  disadvantage  of  using  a  free-running  laser  local 
oscillator  is  significant  frequency  and  amplitude 
instability.  This  instability  can  be  attributed,  in 
part,  to  thermal  expansion  of  the  resonator  cavities, 
resulting  in  long  term  drift.  Feedback  into  the  CO2  pump 
laser,  in  turn,  enhances  acoustic  noise,  creating  audio 
frequency  modulation.  The  lower  limits  of  the 
radiometer's  resolvable  bandwidth  are  defined  by  such 
instability.  In  order  to  fully  exploit  the  advantages  of 
the  receiver,  the  drift  and  noise  have  to  be  reduced  to  a 
minimum.  The  CW  far  Infrared  (FIR)  laser  designed  at 
NASA/GSFC  employed  several  techniques  to  improve  these 
characteristics. 

Passive  stabilization  of  the  FIR  cavity  was 
implemented  by  using  invar  rods  for  mirror  separation, 
with  aluminum  sleeves  compensating  for  the  slight  thermal 
expansion  of  the  rods.  Active  frequency  locking  of  the 
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CO2  pump  laser  was  achieved  by  rotating  a  ZnSe  window  in 
the  beam  path  slightly  from  Brewsters  angle  and  sampling 
a  small  fraction  of  the  beam.  This  portion  was  monitored 
by  a  temperature-controlled  Fabry-Perot  cavity,  from 
which  an  error  signal  was  derived  and  fed  back  to  a 
piezoelectric  translator  controlling  the  CO2  laser  cavity 
length.  Finally,  the  CO2  pump  beam  was  injected  into  the 
FIR  resonator  off-axis.  This  provided  for 
well-controlled  propagation  of  the  pump  beam,  and 
eliminated  reflections  from  coupling  back  into  the  CO2 
laser.  By  these  means  short-term  frequency  fluctuations 
were  limited  to  <  10  kHz,  and  long-term  drift  was  reduced 
to  14  kHz/mln.  A  complete  description  of  the  local 
oscillator  has  been  given  elsewhere. ^ 

The  J-6+5  transition  of  CO,  the  source  of  emission 
for  these  experiments,  lies  at  a  rest  frequency  of  691.47 
GHz,  on  the  edge  of  an  atmospheric  transmission  window. 

A  CH00H  (formic  acid)  laser,  oscillating  at  692.95  GHz 
when  pumped  by  the  9R20  line  of  the  CO2  laser  (45W),  was 
chosen  as  the  local  oscillator.  This  particular  laser 
consistently  provided  15  to  20  mW,  with  outstanding 
stability  characteristics  when  operated  as  described 
above. 


Optics 

All  of  the  observations  performed  with  the  receiver 
thus  far  have  been  made  at  NASA's  Infrared  Telescope 
Facility  (IRTF)  on  the  summit  of  Mauna  Kea  at  an  altitude 
of  4200  m.  The  telescope  has  a  3m  primary  reflector,  and 
uses  a  computer  system  capable  of  tracking  targets  with 
<  2  arcsecond  pointing  accuracy.  Since  the 
instrumentation  in  these  experiments  was  complex  and 
rather  unwieldy,  the  receiver  could  not  be  mounted 
directly  on  the  telescope  structure.  Instead,  the  system 
was  placed  on  an  optical  table  at  the  coude'  focus  of  the 
telescope  which  provided  an  f / 120  signal  beam.  In  an 
effort  to  match  the  beam  with  the  acceptance  angle  of  the 
corner-cube  mixer,  the  signal  was  directed  through  a 
series  of  off-axis  parabolic  mirrors.  The  beam,  as  well 
as  the  local  oscillator,  was  coupled  to  the  mixer  through 
an  optical  diplexer,  whose  separation  was  determined  by 
the  intermediate  frequency  of  the  receiver.  By  placing  a 
77  K  blackbody  load  at  the  subreflector,  optical  losses 


The  second  experiment  benefited  from  superior 
observing  conditions,  with  transmission  occasionally 
exceeding  40%  at  692  GHz.  This  excellent  atmospheric 
transparency  allowed  signal  averaging  to  be  reduced  to  5 
to  10  minutes  per  spectrum,  and  permitted  the  spatial 
mapping  of  Orion,  as  well  as  the  identification  of  7 
other  sources  (Fig.  2).  The  spectral  structure  observed 


LSR  VELOCITY  (km /t) 


Figure  2.  Two  spectra  observed  in  the  Orion 
molecular  cloud,  separated  by  1  arcminute. 
The  broad  "plateau  emission"  is  believed  to 
be  from  an  optically  thin  source,  while  the 
narrow  feature  arises  in  an  optically  thick 
region.  The  frequency  information  has  been 
transformed  into  Doppler  velocity  with 
respect  to  the  astronomical  local  standard 
of  reference. 
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were  determined  to  be  about  302  between  the  telescope  and 
the  detector.  These  losses  can  be  attributed  primarily 
to  sidelobes  present  in  the  detector  antenna  pattern. 

The  system  noise  temperature  of  the  receiver  during  the 
most  recent  observation  was  as  low  as  3700  K  double 
sideband. 


Signal  Processing 

The  IF  signal  is  directed  through  a  matching  network 
to  a  low  noise  (50  K) ,  narrow  band  (300  MHz)  amplifier. 
Spectral  analysis  is  performed  by  a  32  channel  filter 
bank  using  1  MHz  or  5  MHz  filters,  at  the  discretion  of 
the  observer.  A  minicomputer  is  then  used  to  record 
data,  perform  signal  averaging,  and  direct  the  telescope 
beam  switching. 


Calibration 


In  order  to  accurately  calibrate  the  receiver, 
signal  absorption  in  the  atmosphere  had  to  be  determined 
precisely.  The  opacity  of  the  atmosphere  is  highly 
variable,  depending  on  the  amount  of  precipltable  H2O 
within  the  field  of  view  of  the  telescope.  Typical 
values  for  water  vapor  at  Mauna  Kea  range  from  0.5  mm  to 
2.5  mm,  corresponding  to  transmission  between  502  and  102 
at  A  -  434  pm.  The  atmospheric  transmission  was 
determined  before  each  observing  period  by  evaluating  the 
sky  temperature  measured  at  the  receiver  with  the 
telescope  at  zenith.  The  differential  Increase  in  sky 
temperature  as  the  telescope  moves  away  from  zenith  is 
then  used  to  calibrate  total  optical  depth.7  Finally, 
the  continuum  emission  from  a  known  source,  typically 
Jupiter  or  Venus,  was  detected,  permitting  absolute 
calibration  of  antenna  temperature. 

Results 


The  initial  field  test  of  the  receiver  successfully 
detected  the  presence  of  emission  from  the  CO  J-6*5 
transition  in  the  Orion  Nebula. 8  Several  hours  of 
integration  time  were  required  to  achieve  adequate  signal 
to  noise  due  to  high  levels  of  precipltable  moisture  in 
the  atmosphere.  This  prevented  the  examination  of  other 
possible  sources. 
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in  the  map  of  CO  distribution  in  the  J*6*5  transition 
exhibits  some  striking  variations  from  similar 
measurements  at  lower  frequency  transitions,  although  the 
antenna  temperature  for  the  extended  emission  is  in 
general  agreement  with  predictions  made  from  lower 
frequency  data. 9  Earlier  astronomical  models  used  to 
describe  the  kinetic  processes  within  Orion  must  be 
modified  in  order  to  account  for  the  new  results.  In 
particular,  the  source  of  CO  excitation  will  come  under 
careful  scrutiny. 

A  similar  map  of  the  W3  molecular  cloud  was 
constructed  from  data  collected  during  the  latest 
observations  (Fig.  3).  In  contrast  to  the  Orion  spectra, 
these  profiles  show  no  evidence  of  a  broad  plateau 
emission.  Their  appearance  is  essentially  similar  to 
spectra  obtained  from  the  J*l+0  transition  in  the  same 
source. ^0  CO  J«5+6  absorption  in  the  atmosphere  of 
Venus  was  also  observed  for  the  first  time  (Fig.  4). 

The  40  MHz  FWHM  llnewidth  is  considerably  broader  than 
that  observed  previously  in  the  J«0-*T  profiles.  H  This 
suggests  that  the  J-5+6  absorption  occurs  at  an  altitude 
at  least  20  km  lower  than  the  J-0+1  transitions.  The 
increased  pressure  broadening  at  the  lower  altitude  would 
account  for  the  llnewidth  differential.  Additional 
measurements  at  intermediate  transition  frequencies  will 
allow  a  complex  model  of  the  atmosphere  to  be  developed. 

A  detailed  analysis  of  the  most  recent  data  will  be 
provided  in  a  forthcoming  publication. 12 

Conclusions 


The  success  of  three  consecutive  field  observations 
at  IRTF  has  proved  the  merit  of  the  heterodyne  receiver 
at  submillimeter  wavelengths.  However,  the  present  scale 
of  the  Instrumentation  Imposes  serious  limitations  on 
routine  astronomical  use.  Progress  is  being  made  in 
reducing  the  physical  dimensions  of  the  system  through  a 
variety  of  means.  The  local  oscillator,  by  far  the  most 
massive  element,  is  the  focus  of  particular  attention. 
Relatively  simple  modifications  may  result  in  substantial 
mass  reduction.  New  designs  for  the  laser  will  save 
weight  through  the  substitution  of  modified  structures, 
using  ligher  alloys,  for  passive  stabilization.  Improved 
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Figure  4.  CO  J  -  5-»6  absorption  in  the 
atmosphere  of  Venus.  The  llnewidth  is 
attributed  to  pressure  broadening  at  lower 
altitudes. 

FIR  laser  efficiency  may  reduce  the  necessary  CO2  pump 
power  and,  therefore,  the  size  of  the  pump  laser. 
Alternative  local  oscillator  sources  may  soon  be 
available,  and  will  be  considered  as  replacements.  These 
include  the  use  of  conventional  millimeter  wave  tube  and 
solid-state  sources  in  conjunction  with  fundamental 
waveguide  harmonic  generators.1^  A  crossed-guide 
harmonic  mixer  has  recently  been  used  as  a  local 
oscillator  in  spectroscopic  observations  of  the  557  GHz 
ortho-H20  rotational  transition  (Ii0+10l)*  The  ®ixer  was 
pumped  by  a  carcinotron  emitting  less  than  2  mW  at  the 
fundamental  frequency  of  281.5  GHz.1^  BWO  tubes  with 
fundamental  frequencies  extending  into  the  submillimeter 
may  also  prove  feasible.  An  acousto-optic  spectrometer 
has  been  developed  to  replace  the  discrete  filter  bank. 
This  should  result  in  increased  performance  (<  1  MHz 
resolution,  >  500  MHz  BW),  as  well  as  offer  considerable 
savings  in  size  and  weight. 
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A  compact  receiver  using  a  remote  control  system 
capable  of  monitoring  and  correcting  all  critical 
parameters  will  be  tested  in  the  near  future  on  the 
cassegrain  focus  at  IRTF.  Such  a  modification  will  be 
necessary  on  a  proposed  experiment  aboard  NASA's  Kuiper 
Airborne  Observatory,  as  well  as  possible  future  use  on 
an  orbiting  space  telescope. 
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